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Abstract

A DNA sequencing device which integrates transverse conducting electrodes for the measurement
of electrode currents during DNA translocation through a nanopore has been nanofabricated and
characterized. A focused electron beam (FEB) milling technique, capable of creating features on the
order of 1 nm in diameter, was used to create the nanopore. The device was characterized electrically
using gold nanoparticles as an artificial analyte with both DC and AC measurement methods. Single
nanoparticle/electrode interaction events were recorded. A low-noise, high-speed transimpedance
current amplifier for the detection of nano to picoampere currents at microsecond time scales was
designed, fabricated and tested for future integration with the nanopore device.
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1. Introduction

Inexpensive, high-throughput DNA sequencing promises tremendous increases in our
understanding of diseases and disorders as well as improvements in medical prediction and
treatment. A significant advancement toward this type of DNA sequencing came in 1996 when
Kasianowicz and co-workers measured DNA transport through a biological membrane ion
channel, a-hemolysin [1]. They monitored transmembrane current and observed blockades as
DNA translocated the nanopore, using a measurement technique known as resistive pulse
sensing [2]. This report touched off a flurry of interest in validating its seminal hypothesis, that
ananopore device is capable of single base detection and therefore high speed DNA sequencing
[3]. Although poly purines and poly pyrimidines [4] have been distinguished and overall DNA
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length [5] has been measured using a-hemolysin, it appears that this approach is incapable of
single nucleotide sensing for several technical reasons [6]. Approaches to overcoming these
limitations have been proposed, including modifying DNA bases to enhance their size or allow
optical discrimination [7], genetically modifying a-hemolysin to provide sequence-specific
current blockades [8], and the investigation of alternative types of nanopores. Of particular
interest are artificial or solid-state nanopores. These nanopores draw on the long history of
microelectronics fabrication technology and the emerging field of nanotechnology. Several
successful techniques have been reported to fabricate nanopores for DNA sequencing. These
have tended to rely on the formation of a larger hole through traditional fabrication techniques
such as electron beam lithography and etching and later narrowing the hole using feedback-
controlled ion milling [9]. Recently electron beams have been found just as useful and much
more convenient for narrowing the pore [10] and likewise electron beams have been
rediscovered as a means of forming the initial pore [11].

Although the resistive pulse mode has revealed a host of interesting features about DNA using
both artificial and biological nanopores, nucleotide sequence is not one of them—at least not
with unmodified nucleotides and linear DNA. Other DNA sense mechanisms have been
proposed. Of particular interest is the so-called “tunneling” mode using transverse electrodes
separated by the nanopore diameter [12] (Fig. 1). At dimensions commensurate with those of
DNA, i.e. 2 nm, it is, however, questionable whether tunneling is the majority current
contributor. The concept is based on the same tenants as Scanning Tunneling Microscopy
(STM), which is known to have atomic resolution under ideal conditions. STM studies of DNA
show promising results [13-15], and even suggest electron spectroscopy may be useful in
distinguishing base pairs [16]. Computer simulations have also predicted the signal [17,18]
from a nanopore device employing tunneling mode current measurement through transverse
electrodes. However, there is some debate about whether the geometric configuration of the
base pair or its electronic properties will dominate [19], particularly when DC excitation is
used for measurement.

This paper presents a summary of the nanofabrication and initial testing of a high-speed DNA
sequencing device based on a transverse electrode current measurement mechanism. A focused
electron beam (FEB) milling technique capable of creating features on the order of 1 nm was
used to create nanopores. Both DC and AC electrical characterization of the device were
performed using gold nanoparticles as analyte. The results show promise for detecting and
characterizing objects on the length scale of DNA. A low-noise, low-current, high-frequency
amplifier for future, direct integration with the nanopore device was also fabricated and tested.
It demonstrated noise and bandwidth performance sufficient for detecting the estimated signal
from DNA.

2. Experimental

2.1 Device nanofabrication

The device was fabricated on a thin (30-50 nm), stoichiometric, low-pressure chemical vapor
deposited (LPCVD) silicon nitride membrane. A (100) silicon wafer substrate was used as the
membrane supporting substrate and as a prelude for the future integration of current measuring
electronics. The membrane, approximately 100 um square, was formed by anisotropic etching
of the silicon substrate (Fig. 2), using either crystallographic etching in KOH or deep reactive
ion etching (DRIE). Bonding pads and metal interconnects were fabricated using standard
photolithography, and thin chromium metal nanoelectrodes (10 nm thick, 2-50 nm separation)
were fabricated using electron beam lithography and lift-off metallization. Devices were then
coated with either 10 nm or 1 um of PECVD silicon nitride. Devices with 1 um of nitride had
the silicon nitride immediately over the electrode gap and bond pads thinned to 10 nm by
CF4/0 reactive ion etching. All dielectric film thicknesses were measured optically using a

Sens Actuators B Chem. Author manuscript; available in PMC 2009 July 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gierhart et al.

Page 3

spectroscopic ellipsometer and a nanospectrophotometer. A nanopore was formed between the
two electrodes using an FEB milling technique (Fig. 3), exposing the electrodes at the edge of
the nanopore.

The electron beam milling technique was performed using a medium voltage (200-300 kV)
field-emission transmission electron microscope (Philips CM200 or CM300). The nanopore
formation process was studied using electron energy-loss spectroscopy (EELS) [20,21]. After
nanopore formation was complete, nanopores were analysed in-situ using bright and dark field
stereomicroscopy for size and shape determination.

2.2 Device characterization

The nanodevice was tested electrically using gold nanoparticles as analyte. Gold nanoparticles
were chosen because they are readily available in a wide range of sizes from 2-200 nm, have
predictable electrical and material properties, and are relatively symmetrical. Gold
nanoparticles suspended in aqueous solution and citrate stabilized with a net negative surface
charge [22] were purchased from Ted Pella, Inc. The nanoparticle solutions also contained
trace amounts of tannic acid and potassium carbonate.

Electrical testing of the nanodevice was carried out using both AC and DC excitation. The
nanodevices were immersed in gold nanoparticle solution, a voltage was applied to one
electrode and the current was monitored at the other electrode. An additional, isolated
transmembrane voltage was applied in order to electrophorese the nanoparticles through the
pore. Generally, the nanoparticle net negative surface charge from the citrate was sufficient
for this purpose; however, in some cases either the pH of the solution was changed or trace
amounts of mercaptoacetic acid were added to facilitate charge adsorption on the gold.

AC excitation was also used to characterize the nanopore device with and without
nanoparticles. The current signal was measured using a commercially available current
amplifier (LCA-200K-20M, FEMTO Messtechnik GmbH) connected to the chip through a
needle probe. The current amplifier output was digitized and read using a custom, software-
based lock-in amplifier platform. Both fixed frequency and swept frequency measurements
were performed to determine admittance as a function of time and frequency.

2.3 Integrated current amplifier

A low-noise, high-speed, low-current, transimpedance amplifier was designed and fabricated
in an 0.35 um CMOS process for future implementation of an integrated measurement system
(Fig. 4) [23]. Six operational amplifiers, a 12-bit digital offset trimming circuit to remove up
to 10 mV of input-referred offset, and an area for nanopore formation are included on the die
layout. The silicon nitride membrane and nanopore fabrication can be performed post-IC
manufacture, utilizing one of several, previously demonstrated methods [24—26]. The nanopore
formation by FEB, which has no foreseeable IC incompatibilities, would be performed on
individual die after separation from the wafer. Although FEB is not a batch fabrication
procedure, it has the advantage of in-situ imaging and control of pore placement and geometry.

3. Results and discussion

3.1 Nanopore formation

The nanopore formation technique borrows from a well-known problem encountered in high-
resolution imaging of sensitive samples with transmission electron microscopy. During

imaging, it is commonly found that focused electron beams drill holes [27] or remove material
from the sample. This problem was recruited into a precision nanofabrication technique to drill
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nanopores in specified locations ranging in diameter from less than 1 nm to 50 nm (Fig. 5)
[28].

In-situ monitoring of the EELS plasmon loss peak during nanopore drilling was used to monitor
progress (Fig. 6) and provide real time end point detection. The rate of material loss was roughly
linear and proportional to the beam current density, suggesting knock-on displacement
combined with back-surface sputtering as the dominant mechanisms, rather than a radiolysis
process [20]. Nitrogen is removed roughly 50% faster than silicon leaving behind a silicon rich
material. The sputtering of nitrogen atoms involves a binding energy of about 25eV and seems
to be a necessary precursor to the sputtering of silicon.

Examination of the completed holes using bright and dark field stereomicroscopy generally
revealed a conical pore geometry with the apex at the electron beam entrance, although other
geometries have also been observed (Fig. 7) depending on FEB conditions. Optimization of
microscope parameters afforded excellent reproducibility (£ 0.1nm) with pore diameters
selectable from microscope dependent beam spot sizes. Pore formation does seem to be in
competition with carbon contamination accumulation which provides a lower limit on the pore
size of about 0.8 nm without special cleaning procedures.

3.2 Device characterization

When devices were measured in the DC mode, sporadic current pulses were observed
correlated to the presence of nanoparticles (Fig. 8). The experimental configuration did not
permit a determination of whether the nanoparticle actually traversed the pore or just
approached the electrodes sufficiently to perturb the electrode current. However, the current
pulses were not present in the absence of the nanoparticles.

In this experiment, a 7 nm diameter nanopore and 2 nm and 5 nm gold nanoparticles were used.
A DC voltage of 1 Volt was applied through a 1 MQ series resistor and the current was
monitored as a function of time. A second, ground-isolated potential was applied across the
membrane to electrophorese the nanoparticles through the nanopore. Although the
nanoelectrode thickness is in principle many times the nucleotide-to-nucleotide spacing of
DNA (0.34nm), the current is most likely to be emitted from the highest field region where the
electrode to electrode spacing is the smallest. This phenomenon has long been understood in
STM imaging and in field emission devices.

The magnitude and duration of the transient current pulses correlated with the nanoparticle
sizes, however, the results were not reproducible. Changes in nanopore and electrode
geometries were observed after repeated DC mode measurements, most likely due to a
combination of surface-energy driven pore expansion or contraction and electrochemical
electrode corrosion. Fig. 9 shows a TEM micrograph of a nanopore device after repeated
electrical characterization in solution. Clearly, the electrodes have receded from the nanopore.
More noble metals such as Pt and Au have also been employed as nanoelectrodes, however,
the well-known surface motilities of the noble metals generally preclude their use. For example,
shown in Fig. 10 is a set of TEM micrographs fabricated with Pt nanoelectrodes. Fig. 10(a)
shows an electrode set upon first examination in the TEM and Fig. 10(b) shows the same
electrode after only 5 minutes exposure to the TEM electron bombardment. The Pt has receded
due to surface mobility and surface tension. The phenomenon is not restricted to electron
bombardment, and the fine nanostructure is equally destroyed under modest, < 200 °C
elevations in temperature.

AC characterization of the nanodevices yielded variations in the admittance magnitude and
phase over time. Fig. 11 shows the typical response of a 50 nm diameter nanopore in the
presence of 20 nm gold nanoparticles. The time scale of the measurement precludes seeing
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individual nanoparticle transits, but does show a number of large phase and admittance shifts
during measurements. These shifts were not observed when the same experiments were
performed without nanoparticles in the solution. Upon closer investigation, the shifts are
“gquantized” at roughly regular admittance intervals. Based on previously reported studies of
the dielectrophoretic attraction of gold nanoparticles [29-31], a model was developed that
explains these shifts. During AC excitation of the nanoelectrodes, nanoparticles are attracted
to the high field edge of the electrodes and form a weak association that effectively extends
the nanoelectrodes, decreases the gap between electrodes, and increases the admittance (Fig.
12). The number and position of the “states” is a complicated function of the electrode gap and
size of the nanoparticles, and more work is needed to understand them. The figure shows the
best guess scenarios based on simple admittance calculations. Unless the nanoparticles become
fused to the nanoelectrodes by applying a current pulse, the nanoparticles can be added or
removed by changing the applied voltage or otherwise perturbing the system with fluid flow
or mechanical vibrations. Dielectrophoretic capture of gold nanoparticles can be used to create
designer nanoelectrode gap spacings [32]. Bode plots of the frequency response of the
nanodevice taken in different “states” are shown in Fig. 13.

3.3. Integrated current amplifier

The custom current amplifier design achieved AC performance suitable for single nucleotide
detection (Fig. 14). The unity-gain bandwidth of 300 MHz allows a closed-loop
transimpedance of 10 kQ to be used at 10 MHz. The power spectral density of the noise is
expected to be less than 2nV/\Hz for frequencies greater than 1 MHz. A more complete
explanation of design and performance is given in reference [23].

4. Conclusion

A prototype nanopore device with integrated transverse nanoelectrodes for DNA sequencing
has been fabricated and tested. Although DNA detection has not yet been verified, the device
shows promise of realizing the sensitivity of STM and providing a platform for single
nucleotide detection and sequencing of DNA. Both nanopore and nanoelectrode fabrication
techniques may be extended to produce features at the 1 nm scale.

Electrical characterization of these devices indicates they can resolve signals generated by gold
nanoparticles at the same dimensional scale as sSDNA. A low-noise, low current, high-
frequency amplifier has been fabricated for direct integration with the nanopore device. The
entire system is capable of integration into array form for massively parallel sequencing of
DNA.
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Fig. 1.
Cross-sectional diagram of device (left) and anticipated output signal (right) for sequencing
DNA
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Fig. 2.

Process flow for the creation of nanopore device. Silicon nitride deposition (1) is followed by
ananisotropic silicon etch (or DRIE) (2). Optical lithography (3) and electron beam lithography
(4) pattern metal layers, which are covered by more silicon nitride (5) and finally the nanopore
is formed (6)
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Fig. 3.
Plan view transmission electron micrograph of a typical nanopore device showing
nanofabricated electrodes (a) and nanopore (b)
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Fig. 4.

Circuit diagram (left) and die photograph (right) of custom low-current high-speed operational
amplifier. Six amplifiers are shown on the periphery of the chip with a 12-bit digital offset
corrector in the lower-right corner. The center portion is available for integration with a
nanopore array
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Fig. 5.
Plan view transmission electron micrographs of nanopores ranging in size from 1nm to 10nm
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Fig. 6.

Thickness of remaining silicon nitride as a function of time during nanopore formation for
electron beam currents of 107 A/m? (0) and 108 A/m? (x). Thickness was determined by the
intensity of the EELS plasmon loss peak
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Fig. 7.

Cross-sectional geometry determination of nanopore. Cross-sectional geometry is unclear by
bright-field imaging alone (a) but comparison of dark-field mass-thickness contrast image (b)
with simulated dark-field image (c) shows inverted cone shape is likely for this nanopore (all
images taken with specimen tilted 20° relative to beam, scale bars 5 nm)

Sens Actuators B Chem. Author manuscript; available in PMC 2009 July 6.



1duosnue Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Gierhart et al. Page 15

12T 7nmpore ™ M

2 nm 15 psec
—

o e b (s b

Time (usec)

Fig. 8.
Current pulses observed using constant voltage source and gold nanoparticles (DC
measurement mode)
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Fig. 9.
Plan view transmission electron micrograph of nanopore device after repeated measurements
showing etched electrodes
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Fig. 10.
Plan view transmission electron micrographs of Pt electrodes (a) initially and (b) after 5 min

of electron beam exposure
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Fig. 11.

Variations in measured admittance magnitude (black line) and phase (dark grey line) during
constant frequency AC excitation (20 nm gold nanoparticles in water). Light grey lines are a
guide to the eye in observing quantized states. No variations were seen without nanoparticles
present
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Fig. 12.
Depictions of several configurations of dielectrophoretically captured gold nanoparticles at

nanoelectrode tips. Nanoparticles reduce effective gap width and increase measured AC
admittance
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Fig. 13.
Bode plots of variation in admittance with frequency for several different quantized states (10
nm gold nanoparticles in water)
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Gain Response and Noise
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AC performance of custom integrated CMOS current amplifier. Unity-gain bandwidth is 300

MHz and noise power spectral density is less than 2 n\V/\Hz at 10 MHz
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